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ABSTRACT

Effects of indoleacetic acid (IAA) and of turgor changes on the
apparent molecular mass (Mr) distributions of cell wall matrix
polysaccharides from etiolated pea (Pisum sativum L.) epicotyl
segments were determined by gel filtration chromatography. IAA
causes a two- to threefold decline in the peak M, of xyloglucan,
relative to minus-auxin controls, to occur within 0.5 hour. IAA
causes an even larger decrease in the peak Mr concurrently
biosynthesized xyloglucan, as determined by [3H]fucose labeling,
but this effect begins only after 1 hour. In contrast, IAA does not
appreciably affect the M, distributions of pectic polyuronides or
hemicellulosic arabinose/galactose polysaccharides within 1.5
hours. However, after epicotyl segments are cut, their peak po-
lyuronide M, increases and later decreases, possibly as part
of a wound response. Xyloglucan also undergoes IAA-independ-
ent changes in its M, distribution after cutting segments. In addi-
tion, the peak Mr of newly deposited xyloglucan increases from
about 9 kilodaltons shortly after deposition to about 30 kilodaltons
within 0.5 hour. This may represent a process of integration into
the cell wall. A step increase in turgor causes the peak M, of
previously deposited xyloglucan (but not of the other major poly-
mers) to increase about 10-fold within 0.5 hour, retuming to its
initial value by 1.5 hours. This upshift may comprise a feedback
mechanism that decreases wall extensibility when the rate of wall
extension suddenly increases. IAA-induced reduction of xylog-
lucan M, might cause wall loosening that leads to cell enlarge-
ment, as has been suggested previously, but the lack of a simple
relation between xyloglucan M, and elongation rate indicates that
loosening must also involve other wall factors, one of which might
be the deposition of new xyloglucan of much smaller size. Al-
though the M, shifts in polyuronides may represent changes in
noncovalent association, and for xyloglucan this cannot be com-
pletely excluded, xyloglucan seems to participate in a dynamic
process that can both decrease and increase its chain length,
possible mechanisms for which are suggested.

Auxin-induced enlargement of a plant cell results from a
"loosening," or increase in irreversible extensibility of its cell

'Supported by grants from the National Science Foundation and
the McKnight Foundation.

2Present address: Laboratory of Biomedical and Environmental
Sciences, 900 Veteran Ave., University of California, Los Angeles,
CA 90024-1786.

wall, which permits the wall to be deformed by the cell's
turgor pressure. The nature of wall loosening, at the level of
wall structure, continues to be debated. Many workers have
expected, based on the popular sycamore primary wall struc-
tural model (2), that growing walls would be loosened by
breaking covalent cross-links between wall polymers. How-
ever, our study of pea primary walls (50) revealed that its
major polysaccharide components are mostly not covalently
coupled. An alternative possible loosening mechanism, break-
down of polymer backbones, has received experimental sup-
port. Auxin-induced breakdown or turnover of hemicellulosic
glucans has been reported in both monocots and dicots (18,
23, 33, 35). Estimations of wall polysaccharide molecular
mass by GFC3 have indicated that auxin can cause the Mr of
XG to shift toward lower values (24, 26, 38, 42, 44, 53).
Auxin-induced release of soluble XG from the wall (33, 34,
5 1) also suggests that XG is being altered.

In the present work, the Mr distributions of etiolated pea
epicotyl pectic and hemicellulosic polysaccharides were com-
pared using GFC during treatment with or without growth-
inducing concentrations of IAA and after step increases in
turgor pressure, which were found to cause changes at least
as dramatic as those due to IAA. In labeling experiments, the
Mr distributions of newly synthesized wall polysaccharides,
and the effect of IAA thereon, were also determined.

MATERIALS AND METHODS

Growth and Preparation of Tissue

All experiments were performed using 8-mm segments cut
from the third internode of 7-d-old pea seedlings, Pisum
sativum L. cv Alaska, prepared as described previously (50).
Segments were depleted of endogenous auxin by a 2-h incu-
bation at 35°C, either in a 100% RH chamber (air pretreat-
ment) or floated in a 10 mm potassium phosphate buffer, pH
7.0 (buffer pretreatment). Segments were then incubated for
various periods at 25°C in a treatment medium consisting of

'Abbreviations: GFC, gel filtration chromatography; Mr, molecu-
lar mass relative to dextran standards; XG, xyloglucan; FC, fusicoc-
cin; AG, arabinose/galactose polysaccharides (arabinogalactan, ara-
binan plus galactan).
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the same buffer with or without 17 ,M IAA or 1 FM FC before
wall isolation.

Cell Wall Isolation and Fractionation

Walls from treated segments were isolated and chemically
fractionated into pectic (ammonium oxalate-soluble), hemi-
cellulosic (KOH-soluble), and cellulosic fractions as described
previously (50). GFC was also conducted and calibrated, and
column fractions were analyzed, as described previously (50).

Radioisotope Experiments

The cuticle of each internode segment was abraded by
gently rubbing with a thick aqueous suspension of No. 305
emery powder (Edmund Scientific, Barrington, NJ). Follow-
ing air pretreatment as above, 60 segments were incubated in
10 mL of the treatment medium given above but containing
also either 5 ,Ci of [U-'4C]glucose or 30 ,uCi of [5,6-3H]
fucose. Radiolabel content of polymer fractions was deter-
mined by liquid scintillation, using a Delta 300 liquid scintil-
lation counter (TM Analytic) and ACS liquid scintillation
cocktail (Amersham). Counting efficiency was about 20% for
3H and 60% for "4C.

RESULTS

To assess Mr changes in pea cell wall matrix polysaccharides
during elongation, we initially used third internode segments
that had been kept 2 h in moist air after cutting (air pre-
treated), similar to the material used in studying IAA enhance-
ment of polysaccharide synthase activities (48). In such seg-
ments, large changes in size distributions occurred, which
proved to be compounded of time-dependent, IAA-depend-
ent, and turgor-dependent effects. We also examined segments
pretreated by keeping them 2 h in buffer (buffer pretreated),
so that a turgor step-up would not occur when incubation in
buffer with or without IAA was begun. Elongation of air- as

well as of buffer-pretreated segments in response to IAA (data
not shown) was very similar to elongation records in the
literature (32, 33).

Pectic Polyuronides

The polyuronides of freshly cut internode segments give a

relatively symmetrical GFC peak centered at about 850 kD;
during air pretreatment this peak shifts upward to around
1500 kD (Fig. la). After about 1 h of subsequent incubation
in buffer, the peak begins to shift back downward, returning
to about the same value as in freshly cut segments by 1.5 h
(Fig. 1, b-d).
An at least partly comparable polyuronide Mr upshift also

occurs during buffer pretreatment, as shown by the control
profile in Figure 2. However, that profile is considerably
broader than most of those in Figure 1 and has a shoulder in
the Mr range of the initial (freshly cut tissue) peak, suggesting
either an incomplete upshift or a partial return to the initial

120 140 160 180 200 220 240
Elution Volume (ml)

Figure 1. Pectic polyuronide Mr distributions from (a; 0) freshly
harvested segments and from air-pretreated segments at various
times after the start of incubation in buffer without (0) or with (*) 17
Mm IAA: a, 0 h; b, 0.5 h; c, 1.0 h; d, 1.5 h.

Mr (XlOOO)
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Figure 2. Pectic polyuronide Mr distribution from buffer-pretreated
segments incubated 0.5 h with (*) or without (El) IAA.

Mr under these conditions at the time represented by Figure
2 (a time equivalent to that in Fig. Ic).
These experiments reveal virtually no effect of IAA on the

changes in polyuronide Mr distribution, at any time between
0.5 and 1.5 h of treatment (Figs. 1 and 2). In most cases, the
plus-IAA peak was slightly upshifted relative to its control,
but we doubt this effect is significant. Treatment with the
auxin-mimetic toxin FC for 1.5 h gave a polyuronide Mr
distribution identical with that for the IAA treatment in Figure
Id (data not shown).

Hemicelluloses

As previously described (50), pea hemicelluloses can be
resolved by GFC into a high Mr peak comprising mainly AG,
plus a lower Mr peak of XG. The AG's Mr distribution does
not change significantly during pretreatment, or during in-
cubation with or without IAA (data not shown). The XG
component, on the other hand, undergoes complex changes.
The GFC profile ofXG from fresh tissue peaks at 30 kD,

with a minor component at 300 kD (Fig. 3a). Either air or
buffer pretreatment leads to loss ofthis higher Mr component,
plus a modest downshift of the main peak to 20 to 25 kD
(Fig. 3a). Incubation of air-pretreated segments for just 0.5 h
in buffer without IAA causes the profile to shift up, tran-
siently, to peak at about 300 kD (Fig. 3b), returning virtually
to its initial position by 1.5 h after the start of buffer incuba-
tion (Fig. 3, c and d). A somewhat comparable upshift in the
XG peak, in this case from 30 to about 200 kD, occurs if
segments that have been pretreated 2 h in 0.2 M mannitol are
incubated 0.5 h in buffer (Fig. 4).
Including IAA in the incubation buffer completely prevents

the initial upshift of the XG peak just described (Fig. 3, b and
c). When the minus-IAA control's XG peak shifts back down,
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Figure 3. XG M, distribution from (a; 0) freshly harvested segments
and from air-pretreated segments at various times after the start of
incubation in buffer without (E) or with (*) IAA: a, 0 h; b, 0.5 h; c, 1.0
h; d, 1.5 h.
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Figure 4. XG Mr profiles from segments pretreated 3 h in 0
mannitol (E) and from mannitol-pretreated segments incubated
in mannitol-free buffer without IAA (*).

the IAA-treated tissue's peak also declines, down to abou
kD by 1.5 h (Fig. 3d), thus remaining substantially lower t
the control throughout the period.
XG from buffer-pretreated segments peaks at about

same position as with air-pretreated tissue (Fig. 5, cor
profile). Although the XG profiles in Figure 5 are ra
narrower than in Figures 3 and 4, a broader peak, n
comparable to the latter figures, was obtained in other ex
iments on similarly pretreated tissue (e.g. Fig. 6, cor
profile). IAA treatment of buffer-pretreated segments ca
a marked downshift of the XG peak, within 0.5 h, to at
10 kD (Fig. 5).
The monosaccharide composition (determined as in

50) of the upshifted XG peak from buffer incubation of
pretreated segments, and of the downshifted XG peak f
IAA treatment, does not differ appreciably from that give
table III of ref. 50 for the typical pea XG peak of appr
mately 25 kD (data not shown).

Contrary to our expectation, FC does not cause a dec
in XG Mr relative to the control, as does IAA. We obsei
this with both buffer-pretreated (Fig. 6) and air-pretre,
(not shown) tissue. Instead, in both of these experiments
XG from FC-treated tissue showed a peak Mr consider
higher than that of the control.

tissue to ['4C]glucose, the pectin fraction gives a single peak
of '4C centered at about 1000 kD, closely resembling that of
the total polyuronides in the pectin extract (Fig. 7a). The
pulse-labeled hemicellulose fraction, on the other hand, gives
two peaks of "'C (Fig. 7b). That at about 1000 kD corresponds
with the AG peak in the GFC profile of whole-wall hemicel-
luloses (50). The "1C peak at about 9 kD presumably repre-
sents the hemicellulose's XG component, which apparently
has a peak Mr only about one-third that of the wall's bulk
XG. "1C incorporation into XG in Figure 7b is disproportion-
ately large relative to that in the AG peak, compared with the
wall's bulk content of these polymers (Fig. 4 of ref. 50). This
is because in a short ['4C]glucose-feeding period such as that
used here, much greater isotope dilution prevails in nonglu-
cose sugars than in glucose (49). Because glucose is the major
component of the XG peak but only a minor component of

St 0 the AG peak (50), early incorporation is biased in favor of
the XG peak. In agreement with this interpretation, after
feeding glucose for 2 h (data not shown), a period several
times that needed to give isotope equilibrium in the polysac-

1.2 M charide synthesis pathway (1), the relative incorporation into
D.5 h the XG and AG peaks shifts to resemble closely the relative

amounts of total sugar in these respective peaks, as illustrated
in figure 4 of ref. 50.
Changes in XG size distribution after pulse-labeling periods

>10 min were studied by feeding [3H]fucose, because XG
It 10 contains fucose and exogenous fucose is incorporated into
than XG during biosynthesis but is not converted significantly into

other monosaccharides (7, 14). As expected on the basis that
the XG is the principal fucose-containing dicot wall polymer,

itrol after [3H]fucose feeding we found about 93% of the wall-
tther incorporated 3H in the hemicellulose fraction (the remainder
nore in pectin), and this 3H occurs only in fucose (data not shown).
;per- Furthermore, peak 3H incorporation occurs in the relatively
itrol low Mr part of the hemicellulose GFC profile (Fig. 8a), where
uses
bout

ref.
air-
rom
n in
roxi-

-line
rved
ated
the
ably

Newly Synthesized Wall Polysaccharides

Mr distributions of newly synthesized and deposited poly-
mers were determined by GFC of wall extracts from air-
pretreated pea segments that had been briefly fed labeled
glucose, which is rapidly converted into all wall polymer
monosaccharide components and incorporated into the poly-
mers being deposited (49). After only 10 min exposure of

Mr (XlOOO)
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Figure 5. XG M, distribution from buffer-pretreated segments incu-
bated for 0.5 h with (*) or without (Ol) IAA.
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Figure 6. XG Mr distribution from buffer-pretreated segments incu-
bated 1.25 h with (*) or without (El) 1 ,uM FC.

the principal peak of bulk XG typically occurs (50). This 3H
peak is presumed, in what follows, to represent newly synthe-
sized XG. The small secondary 3H peak in the high-Mr (AG)
portion of the profile (Fig. 8) may represent fucose incorpo-
rated into the small amounts of XG and of rhamnogalactu-
ronan that occur in that part of the GFC profile (50).

After 30 min, which was the shortest practicable [3H]fucose-
labeling period, the peak of newly synthesized XG occurs at
about 20 kD (Fig. 8a), in contrast to the 9 kD peak seen after
a 10-min ['4C]glucose pulse (Fig. 7b). At 30 min the new
XG's peak Mr does not differ between IAA-treated and control
tissue (Fig. 8a), even though the bulk wall XG peak Mr values
differ greatly between these treatments at that time (Fig. 3b).
Because in these experiments air-pretreated tissue was used,
the newly synthesized XG peak corresponds in Mr with the
bulk XG of IAA-treated tissue and not of the control, whose
XG Mr is considerably upshifted at this time (Fig. 3b).

After 60 min of [3H]fucose feeding, control and plus-IAA
XG profiles are still similar, but the IAA profile has broadened
and started to shift downward toward lower Mr values (Fig.
8b). By 90 min (Fig. 8c), the [3H]XG peak from IAA-treated
tissue has declined to about 5 kD, a considerably lower Mr
than that of the wall's bulk XG at this time (Fig. 3d). The
control tissue's [3H]XG peak, in contrast, remains unshifted
and now corresponds closely with the tissue's bulk XG peak
Mr. Similar results (not shown) were obtained after 120 min
of [3H]fucose feeding.
The amount of 3H in the entire XG peak was compared

with that in polymers between 20 and 60 kD after different
times of [3H]fucose feeding (Table I). 3H incorporation into
XG in minus-IAA tissue continues (as expected) throughout
the feeding period. However, in IAA-treated segments 3H in
the 20 to 60 kD region, where the original 3H peak was
located, declines markedly from 60 to 90 min, whereas total
3H in XG (right column of Table I) levels out or may also
decline somewhat.

Treatment of emery-abraded segments with citrate buffer,
pH 4.5, for 1 h during [3H]fucose feeding does not shift the
peak Mr away from about 20 kD (Fig. 9). The low pH
treatment actually caused a slight upshift of the 3H peak
which was less pronounced than the effect of FC (Fig. 6).

DISCUSSION

The results consistently reveal severalfold downshifts in
peak Mr of XG, but not of AG or pectic polyuronides, after
exposure of pea internode segments to IAA. The XG down-
shift agrees with previous reports on azuki bean epicotyl (24,
42, 44), oat coleoptile (26), and cucumber (53) or pine (38)
hypocotyl segments. However, the cited previous work mostly
reported very broad, flat XG Mr profiles that were shifted
only slightly by IAA relative to their breadth, corresponding
to only about 10 to 30% reduction in calculated weight-
average Mr. Practical experience with polysaccharide GFC
makes one skeptical of inferences based on such small shifts.

Mr (XlOOO)

100 200 300 400
Elution Volume (ml)

- O0
500

Figure 7. Mr distributions after 1 0-min labeling of air-pretreated
segments with [14C]glucose in the presence of IAA. a: Pectin fraction
*, 14C; E, uronic acid by colorimetric assay. b: Hemicellulose fraction
*, 14C; E, XG by colorimetric assay.
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Figure 9. Effect of low pH on Mr distribution of 3H-labeled hemicel-
luloses. Abraded, air-pretreated segments were incubated 1.0 h with
[3H]fucose in 10 mm K citrate buffer, pH 4.5 (*), or K phosphate
buffer, pH 7.0 (O).

500

Figure 8. M, distribution of 3H-labeled hemicelluloses (principally XG)
from air-pretreated segments after incubation with [3H]fucose without
(O) or with (*) IAA for: a, 0.5 h; b, 1.0 h; or c, 1.5 h.

Table I. [3H]Fucose Incorporation into XG
Data are from the experiment of Figure 8. Results have been

corrected for cpm that fell beyond the 500 mL collection limit, in the
+IAA profiles of Figure 8, b and c, by extrapolation assuming a
symmetrical peak.

Incorporation into

Time 20-60 kD 2-200 kD

-IAA +IAA -IM +IAA

h cpm

0.5 5,330 7,350 14,000 19,140
1.0 19,280 26,770 57,100 89,880
1.5 27,740 5,870 89,490 82,620

In contrast, in the present results, IAA displaces a relatively
sharp XG peak by a substantial fraction of its width, corre-
sponding to a severalfold reduction in peak Mr. Thus, we
believe that these results demonstrate IAA-induced XG Mr
downshifts much more convincingly.

Earlier work on pea, using pulse-chase labeling to measure
turnover ofwall polymers (18, 33), indicated that IAA induces
some disappearance of XG from the cell wall, with the ap-
pearance of comparable small amounts of soluble XG, ap-
parently released from the wall. The present results show that
IAA action on wall XG is much more extensive than the
turnover data suggested. Those data indicated that IAA-in-
dependent turnover of galactan greatly exceeds the IAA-
stimulated disappearance of XG. The relatively narrow AG
Mr distribution (50) and lack of temporal changes suggestive
of degradation (present results) may mean that galactan turn-
over occurs by completely removing, from the wall, those
galactan chains that are attacked. In contrast, IAA action
appears to reduce the size of most or all of the XG molecules
in the wall, while removing only a few ofthem and completely
degrading even fewer, thus with little actual turnover. This
difference agrees with findings on pea cell wall autolytic
activity, which was reported to involve primarily breakdown
of (arabino)galactan to monosaccharides, with relatively mi-
nor release of xylose and glucose, virtually all in polymeric
form (1 1). Thus, the XG Mr downshift caused by IAA might
be assumed (as in most of the cited previous reports of XG
Mr changes) to represent endohydrolytic cleavage of XG
chains.
However, the present results show that the IAA-induced

XG Mr downshift in pea takes place against a background of
time-dependent changes in XG Mr in the minus-IAA controls,
notably a dramatic but transient Mr upshift that occurs when
air-pretreated segments are immersed in aqueous incubation
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medium. Under these conditions, the initial IAA effect is not
an actual Mr downshift but an inhibition of the mentioned
upshift. A somewhat similar IAA inhibition was previously
reported for pine hypocotyl segments (38). Our short-term
labeling experiments also revealed an upshift in Mr that occurs
between 10 and 30 min after newly synthesized XG is depos-
ited in the wall. Furthermore, we observed an IAA-independ-
ent Mr increase in pectic polyuronides during the first 2 h
after cutting epicotyl segments, followed later by a decrease.
Because at first sight it might seem biologically and biochem-
ically implausible that the chain length ofpreviously deposited
wall polymers could substantially increase, we need to con-
sider whether the observed Mr increases, and indeed possibly
even the decreases, might represent something other than
changes in the length of previously formed polysaccharide
chains.

Nature of M, Changes

The following are possible explanations (other than changes
in polysaccharide chain length) of the observed Mr changes,
that need to be considered.

Synthesis and Deposition of New Polymers of Different
Mr

Under the conditions used in the present experiments, pea
stem segments deposit new wall material at a net rate of only
about 1.5%/h (1). Radioisotope experiments show that XG
turnover occurs at only a very small fraction of the rate of
XG synthesis and that polyuronide turnover is negligible (33).
Therefore, the observed large shifts in Mr of pectin within 2
h and of bulk XG within 1 h cannot be due to a change in
the Mr of newly synthesized polymers. For XG the [3H]fucose
incorporation experiments confirm this, by showing that
newly synthesized XG does not participate in the above-
mentioned Mr upshift and is not downshifted by IAA until
later than 1 h. Moreover, the amount of 3H in 20 to 60 kD
XG dramatically decreases between 1 and 1.5 h of IAA
treatment (Table I). This indicates that IAA causes many of
the previously synthesized XG molecules in this size range to
disappear. Furthermore, 3H in XG as a whole (right column
in Table I) also apparently decreases during this period,
despite the continued availability of [3H]fucose to the cells
and its continued incorporation in the minus-IAA controls.
This suggests that IAA causes a net removal of previously
synthesized XG from the wall in the period after 1 h.

Covalent Cross-Linking between Polymer Chains

The monosaccharide composition ofthe XG peak does not
change during the observed Mr adjustments, indicating that
they are not caused by coupling to (or decoupling from) other
wall polymers such as AG. Coupling of AG to pectic polyu-
ronide in large enough amount to yield the observed increase
in polyuronide Mr would largely deplete the hemicellulosic
AG peak, which did not happen. Coupling of polysaccharides

to wall protein(s), as was inferred to take place in fungal cell
walls (12), is unlikely to explain the observed Mr increases,
because in our procedure (50) the cell walls were treated
extensively with protease before polysaccharide extraction;
neither pectin nor XG are known to be linked, to any sub-
stantial extent, to protease-resistant proteins such as hydrox-
yproline-rich wall proteins. Changes in the extent of postu-
lated cross-linking of pectic polymers by ester bonds (15)
might explain changes in polyuronide Mr but cannot account
for changes in XG because any ester bonds would have been
hydrolyzed by the alkali used to extract XG from the cell wall
(50).

Changes in Noncovalent Association between
Polysaccharide Chains

Because the polyuronide GFC profile may be influenced by
noncovalent aggregation (50), pectic Mr changes may be due
to changes in tendency toward association, which might result,
for example, from changes in methyl ester content (e.g. pectin
methylesterase action). XG, on the other hand, showed no
tendency toward aggregation when subjected to the conditions
under which we observed pea polyuronides to aggregate in
vitro (50). Nevertheless, if xylose side groups were removed
from XG by xylosidase action, the chains might conceivably
associate. However, the Mr-upshifted XG peak showed no
appreciable decrease in xylose content. Removal ofXG acetyl
groups (29) might also promote association, but because any
esters, as noted above, would have been hydrolyzed during
alkali extraction of XG, they could not be responsible for the
observed Mr differences. XG molecules might associate as a
consequence of their tendency to chelate heavy metals (30).
This possible effect cannot strictly be excluded, but why it
would occur only after certain tissue treatments is not clear.

In conclusion, changes in ester cross-linking, and/or in
noncovalent association, may explain the observed changes
in pectin Mr, and changes in association are not altogether
ruled out for XG. It seems probable, however, that the de-
creases in XG Mr involve a decrease in XG chain length and
seems possible that at least some of the observed Mr increases
represent an actual increase in XG chain length. In this event,
the chain length of cell wall XG would be in a dynamic state,
subject to both diminution and extension. Possible mecha-
nisms for these changes will now be considered.

Possible Mechanisms for XG Mr Changes

Decrease in Chain Length

XG-degrading enzymes that occur in cell walls can cause
an Mr downshift (31) that resembles the in vivo effect of IAA
on XG described here. Pea tissue contains cellulase (endo-j3-
1,4-glucanase), which is capable of hydrolyzing XG (20).
Because IAA induces cellulase in pea (13), it has repeatedly
been suggested that cellulase is responsible for IAA-induced
XG breakdown (16, 17, 20, 41). However, induction of cel-
lulase by IAA occurs only very slowly (52) compared to the
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XG Mr response observed here, and substantial induction
requires much higher IAA concentrations than were used in
the present work, concentrations that inhibit rather than
stimulate cell elongation (10). Therefore, the much-studied
IAA induction of cellulase seems unable to explain the rapid
downshifting of XG Mr by elongation-inducing concentra-
tions of IAA. Alternative mechanisms might be stimulation,
by IAA, of cellulase or xyloglucanase secretion from the cell
into the wall or activation of preexisting wall-localized cellu-
lase or xyloglucanase by IAA, for example by IAA-induced
H+ extrusion (16). But pea cellulase is reported to have a pH
optimum of 5.5 to 6.0 (6, 39), whereas IAA-induced H+
extrusion lowers pea cell wall pH to about 5.0, from a control
value of about 6.0 (28), thus apparently tending to inhibit
rather than activate this enzyme. Furthermore, according to
our results neither low external pH nor the H+ extrusion-
inducing toxin FC (40) causes a downshift in pea XG Mr.
These latter results may have a special explanation (see below).
But still another problem is that wall-localized pea cellulase
is reportedly confined to the inner surface of the wall (3), so
apparently does not have access to most of the wall's XG, as
it must to account for the present observations. A distinct
xyloglucanase, regulated differently than is known for pea
cellulase, is an alternative possible mechanism. Hoson (22)
recently reported that treating azuki bean tissue with IAA for
just 3 h caused some enhancement of a wall-bound autolytic
activity that releases glucose and xylose, probably from XG.

Increase in Chain Length

Elongation of previously deposited XG chains by synthase
action (addition of sugar residues from sugar nucleotide gly-
cosyl donors) seems very unlikely, because it would require
that sugar nucleotides be released from the cell into the cell
wall and because synthase activity is not known to occur in
cell walls. Alternatively, transglycosylase action (Fig. 10) could
split an XG chain and transfer the former nonreducing half
to another XG chain. If the enzyme attacked XG chains near
their reducing ends and/or acted repetitively on the reducing-
end fragment from the first transglycosylation, XG chain
length would increase without accumulation of smaller Mr
fragments other than soluble oligosaccharides or sugars, which
we would not have detected in our procedure. Somewhat
analogous transglycosylation reactions occur in fructan and
amylopectin synthesis and have been suggested for cell wall
polysaccharides; indications of a transglycosylation reaction
involving XG were reported (5).

Because some glycoside hydrolases also have transglycosy-
lase activity, diminution and extension of XG chain length
could be due to one and the same enzyme. Whether or not
this is so, shifts in Mr would be caused by changes in the
balance between hydrolytic cleavage and transglycosylative
extension ofXG chains. These respective actions may well be
subject to separate controls, leading to the possibility ofsome-
what complex responses to experimental treatments, as ob-
served in the present work.

+ ~~~~~~~~~~~~~~~~~~.
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Figure 10. Possible transglycosylase reaction to increase the Mr Of
XG chains in the cell wall. E, transglycosylase; heavy arrows, XG
chains, the arrowhead being the reducing end of each; buried arrow-
head, former reducing end, after coupling to another XG chain through
transglycosylase action. Additional transglycosylase steps involving
other XG chains could increase the Mr still further. The small Mr XG
fragments formed as a side product of the reaction would presumably
be soluble and thus not detected as part of the cell wall.

Significance of IAA-Independent Changes in M,

The pectic polyuronide Mr distribution undergoes, as noted
above, a substantial upshift followed by a gradual decline to
about its initial position, over a period of several hours after
pea internode segments are cut (Fig. 1). In azuki bean seg-
ments, Nishitani and Masuda (42) observed a possibly similar
progressive increase in pectin Mr. These changes may be part
of a wound response provoked by cutting the segments.
The pea XG Mr profile also changes with time after cutting

epicotyl segments, the secondary peak at about 300 kD largely
disappearing and becoming replaced by a tail of material on
the low-Mr side of the principal (approximately 20-30 kD)
XG peak (Fig. 3a). This, like the polyuronide changes just
discussed, may be part of a wound response. The XG profile
undergoes two other apparently IAA-independent changes,
previously mentioned. The increase in peak Mr from about 9
to about 20 kD that occurs during the first 30 min after
deposition of newly synthesized XG into the cell wall (Figs.
7b and 8) may represent a process by which new XG mole-
cules become integrated into the wall structure. This might
take place by transglycosylation, as noted above, perhaps
involving the same enzymatic mechanism as is responsible
for the reported coupling of XG-derived oligosaccharides to
extracellular polysaccharides (5). Our results give no indica-
tion of a comparable integration mechanism for AG or pectic
polyuronides, which in contrast to XG exhibit essentially
their final Mr distribution within minutes of their export into
the wall.

lo.
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The transient XG peak Mr upshift from about 30 to about
300 kD during the first 0.5 h after air-pretreated segments are
placed in incubation buffer (Fig. 3, a and b) also has no
parallel in the pectin or AG Mr profiles. Pressure-probe meas-
urements (8) show that, when pea internode segments are
held in moist air, as in our air pretreatment, their turgor
pressure decreases, by in vivo stress relaxation, to about half
of full turgor within the time of our pretreatment period.
Subsequent exposure to water allows nearly full turgor to
redevelop rapidly (9). That this turgor step-up induces the
XG Mr upshift is supported by the finding that segments
whose turgor pressure is reduced by mannitol pretreatment
also show an XG Mr upshift upon transfer to dilute buffer
(Fig. 4). Turgor effects on metabolism of wall components
have been previously reported (36, 45). However, a turgor
step-up can cause rapid cell enlargement (19, 46), so the Mr
upshift might be a response to this wall expansion rather than
to turgor pressure itself. Because larger XG molecules should
tend to make the wall stiffer or stronger, the Mr increase may
constitute a feedback control that limits the amount of wall
expansion and cell enlargement that can result from a turgor
step-up. Kinetic experiments indeed indicate that the elevated
cell enlargement rate induced by a turgor step-up quickly
becomes suppressed (19, 46).

Significance of IAA Effects on XG Mr

IAA-induced cleavage ofXG chains may weaken or loosen
the wall leading to cell enlargement, as suggested in much
previous literature (16, 17, 20, 41). A possibly analogous IAA-
induced breakdown of hemicellulosic mixed-linked glucan
has been considered a basis for wall loosening in grass coleop-
tiles (23, 35). We detected a large IAA-induced downshift in
pea XG Mr within 30 min, in agreement with earlier findings
that IAA induces a release of soluble XG from pea cell walls
beginning within 15 min (34). This is consistent with a role
in wall loosening, because cell enlargement in pea is stimu-
lated after only 10 to 15 min of exposure to IAA (4, 28). A
comparably early effect has not been demonstrated for the
IAA-induced glucan breakdown in coleoptiles, whose signifi-
cance in wall loosening has been challenged (21). However,
Inouhe and Nevins (25) recently reported that antisera against
the ,#-glucanases that are responsible for glucan breakdown
inhibit not only this breakdown but also IAA-induced cell
elongation in maize coleoptile segments, supporting the role
of glucan breakdown in wall loosening. Similarly, Hoson and
Masuda (24) reported that, in azuki bean segments, lectins
directed against fucose inhibit (presumably by binding to the
fucosyl groups of XG) both the IAA-induced downshift in Mr
ofXG and IAA-stimulated elongation. They considered this
to demonstrate the role of IAA-induced XG breakdown in
wall loosening. Unfortunately, the IAA-induced elongation
rates given for the control segments in both studies just cited
were extremely small compared to typical IAA-stimulated
rates for these materials, so the amount of growth actually
inhibited by the antibodies or lectins was only a small fraction
of the normal growth performance of the cells, leaving the
conclusions open to question.
Our results reveal no simple, general relation between XG

Mr and elongation rate. Whereas IAA treatment of buffer-
pretreated segments causes the Mr to quickly decrease, the
XG Mr of air-pretreated segments remains almost steady for
the first hour of exposure to IAA (while the control's Mr
increases), although IAA stimulates elongation to the same
degree in both types of segments. In air-pretreated pea seg-
ments, an IAA-induced actual Mr downshift (relative to initial
Mr) appears only when the control's transient upshift has been
completed and its XG Mr is returning to its initial value.
Furthermore, XG Mr is not downshifted by low external pH
nor by FC, even though these are known to cause a short-
term elongation rate at least as great as IAA induces (40).
That XG Mr in air-pretreated segments remains unchanged

during the first hour of exposure to IAA is apparently because
the IAA effect tending to decrease the Mr is being superim-
posed on the turgor step-up effect tending to increase it.
Similarly, the apparent lack of an XG Mr downshift in re-
sponse to FC or low pH may be due to the Mr feedback
response to rapid wall extension, suggested above to explain
the turgor step effect: the rapid cell enlargement induced by
FC or low pH could provoke a large Mr upshift that outweighs
an effect of low wall pH per se tending to decrease the Mr.
That both FC and low pH caused a modest upshift ofXG Mr
supports this explanation. A low pH-induced XG Mr decrease
has been reported for other systems (26, 37, 43) and is
suggested for pea by acidic buffer-induced release ofXG from
the cell wall (27). IfXG Mr is in a dynamic state, as suggested
above, XG chains could be broken (by the actions of IAA or
low wall pH) to cause wall loosening at the same time as they
are being extended (by the feedback response to rapid wall
expansion), so the XG chain-breaking process would be un-
detectable, by the present method, under these circumstances.
However, other processes may in addition, or instead, be
providing an alternative means of wall loosening, e.g. intro-
duction of new polymers into the wall, which is known to be
stimulated by IAA in pea (1, 32, 47).

In contrast to bulk wall XG, the Mr of newly synthesized
XG begins to shift down in response to IAA only after about
1 h (Fig. 8). This suggests that not until about 60 min after
their deposition in the wall do new XG chains become subject
to IAA-induced degradation. However, IAA causes a consid-
erably larger eventual downshift in the Mr of newly deposited
than of total wall XG (about sixfold versus two- to threefold,
respectively). Furthermore, the Mr peak becomes so com-
pletely downshifted by 1.5 h (Fig. 8c) that the new XG that
is being synthesized and deposited at the end of this period
must be downshifted, like the previously deposited [3H]XG.
This could represent another biochemical factor in wall loos-
ening: by exchange of noncovalent bonding relationships, the
substitution of new, smaller XG chains for older, larger ones
in the wall structure might well weaken or loosen it.

LITERATURE CITED

1. Abdul-Baki AA, Ray PM (1971) Regulation by auxin of carbo-
hydrate metabolism involved in cell wall synthesis by pea stem
tissue. Plant Physiol 47: 537-544

2. Albersheim P (1975) The walls of growing plant cells. Sci Am
232 (April): 80-95

3. Bal AK, Verma DPS, Byrne H, Maclachlan GA (1976) Subcel-

377



Plant Physiol. Vol. 98, 1992

lular localization of cellulases in auxin-treated pea. J Cell Biol
69: 97-105

4. Barkely GM, Evans ML (1970) Timing of the auxin response in
etiolated pea stem sections. Plant Physiol 45: 143-147

5. Baydoun EAH, Fry SC (1989) In vivo degradation and extracel-
lular polymer-binding of xyloglucan nonasaccharide, a natu-
rally occurring anti-auxin. J Plant Physiol 134: 453-459

6. Byrne H, Christou NV, Verma DPS (1975) Purification and
characterization of two cellulases from auxin-treated pea epi-
cotyls. J Biol Chem 250: 1012-1018

7. Camirand A, Maclachlan GA (1986) Biosynthesis of the fucose-
containing xyloglucan nonasaccharide by pea microsomal
membranes. Plant Physiol 82: 379-383

8. Cosgrove D (1985) Cell wall yield properties of growing tissue.
Plant Physiol 78: 347-356

9. Cosgrove D, Van Volkenburgh E, Cleland RE (1984) Stress
relaxation of cell walls and the yield threshold for growth.
Planta 162: 46-54

10. Davies E, Ozbay 0 (1980) A potential role for cellulase in
hormone-controlled elongation. Z Pflanzenphysiol 99:
461-469

11. Dopico B, Labrador E, Nicolas G (1986) Characterization and
localization ofthe cell wall autolysis substrate in Pisum sativum
epicotyls. Plant Sci 44: 155-161

12. Elorza MV, Mormeneo S, Garcia de la Cruz F, Gimeno C,
Sentandreu R (1989) Evidence for the formation of covalent
bonds between macromolecules in the domain of the wall of
Candida albicans mycelial cells. Biochem Biophys Res Com-
mun 162: 1118-1125

13. Fan DF, Maclachlan GA (1966) Control of cellulase activity by
indoleacetic acid. Can J Bot 44: 1025-1034

14. Fry SC (1982) In-vivo formation of xyloglucan nonasaccharide,
a possible biologically active cell-wall fragment. Planta 169:
443-456

15. Fry SC (1986) Cross-linking of matrix polymers in the growing
cell walls of angiosperms. Annu Rev Plant Physiol 37:
165-186

16. Fry SC (1989) Cellulases, hemicelluloses and auxin-stimulated
growth: a possible relationship. Physiol Plant 75: 532-536

17. Fry SC (1989) The structure and functions of xyloglucan. J Exp
Bot 40: 1-11

18. Gilkes NR, Hall MA (1977) The hormonal control of cell wall
turnover in Pisum sativum L. New Phytol 78: 1-15

19. Green PB, CumminsWR (1974) Growth rate and turgor pressure:
auxin effect studied with an automated apparatus for single
coleoptiles. Plant Physiol 54: 863-869

20. Hayashi T, Wong Y, Maclachlan GA (1984) Pea xyloglucan and
cellulose. II. Hydrolysis by pea endo-1,4-fl-glucanases. Plant
Physiol 75: 605-6 10

21. Hohl M, Hong YN, Schopfer P (1991) Acid- and enzyme-
mediated solubilization of cell-wall f-1.3,f3-1.4-D-glucan in
maize coleoptiles: implications for auxin-mediated growth.
Plant Physiol 95: 1012-1018

22. Hoson T (1990) Effect of auxin on autolysis of cell walls in azuki
bean epicotyls. Plant Cell Physiol 31: 281-287

23. Hoson T, Nevins DJ (1989) Anti-fl-D-glucan antibodies inhibit
auxin-induced cell elongation and changes in the cell wall of
Zea coleoptile segments. Plant Physiol 90: 1353-1358

24. Hoson T, Masuda Y (1991) Inhibition of auxin-induced elonga-
tion and xyloglucan breakdown in azuki bean epicotyl seg-
ments by fucose-binding lectins. Physiol Plant 82: 41-47

25. Inouhe M, Nevins DJ (1991) Inhibition of auxin-induced cell
elongation of maize coleoptiles by antibodies specific for cell
wall glucanases. Plant Physiol 96: 426-431

26. Inouhe M, Yamamoto R, Masuda Y (1984) Auxin-induced

changes in the molecular weight distribution of cell wall xylog-
lucans in Avena coleoptiles. Plant Cell Physiol 25: 1341-1351

27. Jacobs M, Ray PM (1975) Promotion of xyloglucan metabolism
by acid pH. Plant Physiol 56: 373-376

28. Jacobs M, Ray PM (1976) Rapid auxin-induced decrease in free
space pH and its relationship to auxin-induced growth in maize
and pea. Plant Physiol 58: 203-209

29. Kiefer LL, York WS, Darvill AG, Albersheim P (1989) Xylog-
lucan isolated from suspension-cultured sycamore cell walls is
O-acetylated. Phytochemistry 28: 2105-2107

30. Kooiman P (1961) The constitution of Tamarindus amyloid.
Recl Trav Chim Pays-Bas 80: 849-865

31. Koyama T, Hayashi T, Kato Y, Matsuda K (1981) Occurrence
of xyloglucan-degrading enzymes in soybean cell wall. Plant
Cell Physiol 22: 1191-1198

32. Kutschera U, Briggs WR (1987) Rapid auxin-induced stimula-
tion of cell wall synthesis in pea internodes. Proc Natl Acad
Sci USA 84: 2747-2751

33. Labavitch JM, Ray PM (1974) Turnover of cell wall polysaccha-
rides in elongating pea stem segments. Plant Physiol 53:
669-673

34. Labavitch JM, Ray PM (1974) Relationship between promotion
of xyloglucan metabolism and induction of elongation by
indoleacetic acid. Plant Physiol 54: 499-502

35. Loescher WH, Nevins DJ (1972) Auxin-induced changes in
Avena coleoptile cell wall composition. Plant Physiol 50:
556-563

36. Loescher WH, Nevins DJ (1973) Turgor dependent changes in
Avena coleoptile cell wall composition. Plant Physiol 52:
248-251

37. Lorences EP, Acebes JL, Revilla G, Zarra 1 (1989) Changes in
pectic and hemicellulosic polysaccharides during acid pH-
induced growth in pine hypocotyl segments. Plant Sci 62:
53-61

38. Lorences EP, Zarra I (1987) Auxin-induced growth in hypocotyl
segments of Pinus pinaster Aiton: changes in molecular weight
distribution of hemicellulosic polysaccharides. J Exp Bot 38:
960-967

39. Maclachlan GA, Perrault J (1964) Cellulase from pea epicotyls.
Nature 204: 81-82

40. Marre E, Lado P, Rasi Caldogno F, Colombo R (1973) Correla-
tion between cell enlargement in pea internode segments and
decrease in the pH of the medium of incubation. I. Effects of
fusicoccin, natural and synthetic auxins and mannitol. Plant
Sci Lett 1: 179-184

41. McDougall GJ, Fry SC (1990) Xyloglucan oligosaccharides pro-
mote growth and activate cellulase: evidence for a role of
cellulase in cell expansion. Plant Physiol 93: 1042-1048

42. Nishitani K, Masuda Y (1981) Auxin-induced changes in the cell
wall structure: changes in the sugar compositions, intrinsic
viscosity and molecular weight distributions ofmatrix polysac-
charides of the epicotyl cell wall of Vigna angularis. Physiol
Plant 52: 482-494

43. Nishitani K, Masuda Y (1982) Acid-induced structural changes
in cell wall xyloglucans in Vigna angularis epicotyl segments.
Plant Sci Lett 28: 87-94

44. Nishitani K, Masuda Y (1983) Auxin-induced changes in the cell
wall xyloglucans: effects of auxin on the two different subfrac-
tions ofxyloglucans in the epicotyl cell wall of Vigna angularis.
Plant Cell Physiol 24: 345-356

45. Ordin L (1960) Effect of water stress on cell wall metabolism of
Avena coleoptile tissue. Plant Physiol 35: 443-450

46. Ray PM (1961) Hormonal regulation of plant cell growth. In
DM Bonner, ed, Control Mechanisms in Cellular Processes.
Ronald Press, New York, pp 185-212

378 TALBOTT AND RAY



SIZE CHANGES IN CELL WALL POLYSACCHARIDES

47. Ray PM (1967) Radioautographic study of cell wall deposition
in growing plant cells. J Cell Biol 35: 659-674

48. Ray PM (1973) Regulation of f-glucan synthetase activity by
auxin in pea stem tissue. I. Kinetic aspects. Plant Physiol 51:
601-608

49. Ray PM, Eisinger WR, Robinson DG (1976) Organelles involved
in cell wall polysaccharide formation and transport in pea cells.
Ber Dtsch bot Ges 89: 12 1-146

50. Talbott LD, Ray PM (1991) Molecular size and separability
features of pea cell wall polysaccharides. Implications for
models of primary wall structure. Plant Physiol 98: 357-368

51. Terry M, Jones RL (1981) Soluble cell wall polysaccharides
released from pea stems by centrifugation. I. Effect of auxin.
Plant Physiol 68: 531-537

52. Verma DPS, Maclachlan GA, Byrne H, Ewing D (1975) Regu-
lation and in vitro translation of messenger ribonucleic acid
for cellulase from auxin-treated pea epicotyls. J Biol Chem
250: 1019-1026

53. Wakabayashi K, Sakurai N, Kuraishi S (1991) Differential effect
of auxin on molecular weight distributions of xyloglucans in
cell walls of outer and inner tissues from segments of dark
grown squash (Cucurbita mxima Duch.) hypocotyls. Plant
Physiol 95: 1070-1076

379


